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INTRODUCTION
A number of enzymes have beeni found to be associated with the hemoglobini free plasmiia membrane of the human erythrocyte (1) . Some, such as Na'-K' ATPase, require disruption of the memiibranie by ionic detergents or high conieentrationis of chaotropic agents for solubilization and have been termed "intrinsic" membrane proteins (See Juliano [2] for review). Others, such as the glycolytic enzymes, are more easily eluted from the membrane and are readily solubilized in aqueous solutions. Of the glycolytic enzymesi, the interactions of the erythrocyte membrane with glyceraldehyde-3-phosphate dehydrogenase (3) (4) (5) and aldolase (6) have been most thoroughly studied. These investigations have suggested that the interaction of the membrane with enzyme influences the regulation of the enzymes' catalytic activities (5) .
Erythrocyte AMP deaminase activity was found by Rao et al. (7) to be associated with erythrocyte membranes prepared by hypotonic lysis, but not with the external surface of intact erythrocytes. Deuel et al. (8) later characterized the interaction of partially purified AMP deaminase and purified membrane fractions. In this report the characteristics of the interaction of highly purified human erythrocyte AMP deamninase and humianl erythrocyte meimbranies are described. concentrated erythrocyte ghosts) was diluted into 200 ,l of 5 mM sodium phosphate pH 8.0 (5P8) or 5 mM sodium phosphate, 0.1% Triton X-100 (Rohm and Haas Co., Philadelphia, Pa.) pH 8.0 (Triton 5P8) and incubated for 5 min. 500 ,.l of 100 mM sodium phosphate (pH 7.5), 50 ,ul of 10 mM dithionitrobenzene and 50 ,l of 12.5 mM acetylthiocholine were added. Enzyme activity was determined as the rate of change of OD at 412 nm. The reaction rate was linear for the first 5 min of assay. Activity in the presence of Triton X-100 is termed total activity, and the activity in 5P8 the exposed activity.
Glyceraldehyde-3-phosphate dehydrogenase (G3PD) activity was determined by the method of Cori et al. (14) as modified by Steck and Kant (13) . 10 ,ug of membrane protein was diluted into 200 ,l of 5P8 or Triton-5P8 and incubated at 24°C for 5 min. 620 ,ul of 30 mM sodium pyrophosphate (pH 8.4) ,lI of 20 miM nicotinamide adenine dinucleotide, and 100 ,lI of 15 mM glyceraldehyde-3-phosphate were added. The reaction was followed by monitoring the change in OD at 340 nm. The reaction was not linear with time, and the change in OD in the 2nd min of assay wvas defined as the activity.
Protein concentration. Protein concentration was determined by the method of Lowry et al. (15) .
Preparation ofunsealed erythrocyte ghosts.3 The methods of Steck and Kant (13) were used throughout. Erythrocytes were separated from plasma by centrifugation in a Sorvall SS-34 rotor (DuPont Instruments-Sorvall, DuPont Co., Newtown, Conn.) at 5,000 rpm (3,000 g) for 10 min and the plasma and buffy coat discarded. The Instruments-Sorvall, DuPont Co.) at 15,000 rpm (27,000 g) for 15 min and the supernatant solution discarded. Unsealed ghosts were repeatedly washed until all hemoglobin was removed, leaving a pearl white pellet. If AMP deaminase activity was detected in unsealed ghosts on assay, they were repeatedly washed in 5P8 until enzyme activity was not detectable. Pelleted unsealed ghosts were stored at 40C and used within 10 d.
Preparation of sealed ghosts. Erythrocytes were washed and lysed in 5P8 as in preparation of unsealed ghosts. After being freed from hemoglobin and AMP deaminase, the ghosts were suspended in 40 vol of PBS at 37°C for 40 min. They were then pelleted and washed twice in cold PBS, and stored at 40C for up to 10 d.
Preparation of sealed inside-out vesicles. Erythrocytes were washed in PBS and lysed in 40 vol of 0.5 mM sodium phosphate (pH 8.0) (0.5P8) and incubated for 1 h at 0°C. Membranes were then pelleted and washed in 0.5P8 until hemoglobin free. Hemoglobin free membranes were suspended in an equal volume of 0.5P8 and vesiculated by 5 passages through a No. 27 gauge hypodermic needle. Vesiculated membranes were diluted fourfold, layered on an equal volume of dextran solution (1.10 g/ml) and centrifuged at 40,000 rpm (114,000 g) in a Sorvall (DuPont InstrumentsSorvall, DuPont Co.) OTD-65 ultracentrifuge for 2 h at 4°C, using an AH 650 rotor (DuPont Instruments-Sorvall, DuPont Co.). The suspension of inside-out vesicles on top ofthe dextran solution was harvested, washed twice in 0.5P8, and stored at 4°C until use. AMP deaminase activity was not detectable in this preparation.
Purification ofAMP deaminase. Human erythrocyte AMP deaminase was purified as previously described,4 employing freeze-thaw hemolysis of outdated banked erythrocytes, DEAE-cellulose chromatography, ammonium sulfate precipitation, and phosphocellulose column chromatography. The stability of the purified enzyme preparation was enhanced by including 0.5 mg/ml bovine serum albumin in all buffers. Albumin did not affect the kinetic or binding properties of the enzyme (data not shown).
Performance of binding assays. Erythrocyte membrane preparations were incubated with purified AMP deaminase under the conditions indicated in the text. Membrane suspensions were then centrifuged at 15,000 rpm (12,800 g) in an Eppendorf 5412 centrifuge (Brinkmann Instruments, Inc., Westbury, N. Y.) at 4°C for 10 min, and the supematant enzyme solution assayed for AMP deaminase activity. The pelleted membrane preparations were then washed thrice in 200-400 vol of 10 mM KCI, 10 mM imidazole HC1 (pH 7.5). 99% of unbound AMP deaminase was removed by the second wash and no detectable enzyme activity was present in the supernate after the third wash.
Assay of pellet-bound enzyme was initiated by the addition of 400 ul of assay solution to washed pelleted membranes. The pellet was suspended by vortex mixing, and the suspensions incubated at 37°C, as in the standard assay. In experiments in which elution of bound enzyme from unsealed erythrocyte ghosts was tested, 400 pul of the test solution was added to the pelleted washed unsealed ghostenzyme complex and vortex mixed. After incubation of the suspension at 0°C for 15 min, the ghosts were separated by centrifugation as above and an aliquot of the supernatant solution assayed for AMP deaminase activity. Supematant 4 Pipoly, G. M., G. R. Nathans, D. Chang, and T. F. Deuel. Human erythrocyte AMP deaminase:proteolysis to a catalytically active product during purification. Submitted for publication.
solutions were then discarded and the pellet assayed as above. Membrane bound enzyme activity was determined directly by the addition of the assay solution to pelleted erythrocyte membranes. The supernatant materials were assayed to assure that inactivation of the enzyme had not occurred. In all experiments at least 80%, anid usuallv >90%, of eluted enzymllatic activity was recovered in the supernatanit solution.
Extraction of glyceraldehyde-3-phosphate dehydrogenase from unsealed erythrocyte ghosts. Hemoglobin free unsealed erythrocyte ghosts prepared by hypotonic lysis in 5P8 were incubated in 20 vol of 55 mM sodiumii phosphate (pH 8.0) for 20 min at 0'C, as described by Kanit and Steck (5) . After separation ofthe membranes by centrifugation, the supernatant solution was dialyzed against 1,000 vol of 10 mM KCI, 10 Preparatiot oferythrocyte melemabr(ane fractionis. 5 Spectrin (bands 1 and 2) and actin (band 5) were solubilized from unsealed erythrocyte ghosts by incubation of washed hemoglobin free ghosts in 2 vol of 1 mM EDTA (pH 8.0) and dialysis against 1,000 vol of the diluent at 4°C, as described bv Lux et al. (18) .
After removal of the membrane pellet by centrifugation, the EDTA supernate was dialyzed against SP8 or 10 mM KCI, 10 mM imidazole (pH 7.5) and concentrated by vacuum dialysis. SDS gel electrophoresis of this material showed essentially a pure preparation) of bands 1 and 2 with minor contamination by band 5.
Band 3 was solubilized from hemoglobin-free, glyceraldehyde-3-phosphate depleted unsealed ghosts by incubation in 5 vol of 0.5% Triton X-100 in 35 mM sodium phosphate (pH 8.0) at 0'C for 20 min as described by Yu and Steck (19) . The Triton wash was dialyzed against 10 mM KCI, 10 mM imidazole HCl (pH 7.5), 5P8, or Triton 5P8, and concentrated by pressure dialysis across an Amicon PM-10 membrane using the Amicon ultrafiltration system. SDS gel electrophoresis of this material showed predominantly band 3 with minor contamination by bands 1 and 2.
Sucrose gradient ultracentrifugation. Samples of 0.5 ml were applied to 4 ml continuous 5-20% sucrose gradients in 30 mM KCl, 10 mM imidazole HCl (pH 7.5) with and without 0.5% Triton X-100, 5P8, or 0.5% Triton-5P8 in Beckman cellulose nitrate centrifugation tubes (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.). Centrifugation was performed in a Sorvall OTD 65 ultracentrifuge using an AH 650 rotor, at 35,000 rpm (150,000g) for 10 h at 4'C, using hemoglobin as a marker. Approximately 0.2-ml fractions were collected utilizing the ISCO fraction collector system (Instrumentation Specialties Co., Lincoln, Nebr.).
RESULTS
Characteristics of the membrane preparations used are summarized in Table I . With unsealed ghosts, acetyl5The system proposed by Fairbanks et al. (16) and modified by Steck (17) has been adopted for identification of polypeptide bands on SDS gels of erythrocyte membranes. ing concentrations of purified AMP deaminase were incubated at 0°C with unsealed erythrocyte ghosts. After separation by centrifugation, supernatant buffer and pelleted membranes were assayed for AMP deaminase activity. Fig. 1 shows the resultant plot of enzyme activity bound versus enzyme concentration in the reaction mixture. Scatchard (20) analysis of the data (inset) revealed Ka -2.6 x 107 M-l and =2.2 x 104 binding sites per erythrocyte ghost, assuming that there were 6 x 109 ghosts/,ul (5) . From the known molecular weight and specific activity of purified AMP deaminase4 and the AMP deaminase activity present in erythrocyte lysates, there were calculated to be 3 x 103 AMP deaminase molecules per erythrocyte. Hence, binding sites are present in -10-fold excess over the number of intracellular enzyme molecules (data not shown). Fig. 2 presents the results of experiments in which increasing concentrations of AMP deaminase were incubated with sealed inside-out vesicles or sealed ghosts after which pelleted membranes were assayed for bound AMP deaminase activity. At all enzyme concentrations there was approximately sevenfold greater binding to the internal (inside-out vesicles) ( Fig. 3 , AMP deaminase was incubated with unsealed erythrocyte ghosts at 0°C for increasing intervals before centrifugation and assayed for bound enzyme activity. Equilibrium was rapid; binding was maximal at 15 min and binding was unchanged from 15 min to 1 h. The binding at 0 time reflects the binding resulting from the mixing of enzyme with unsealed ghosts immediately before centrifugation, hence binding which occurred during separation of free enzyme from membrane. In similar experiments in which bound AMP deaminase was eluted from unsealed erythrocyte ghosts with KC1 or ATP, the enzyme activity remaining bound after 15 min incubation was unchanged after 30 and 45 min incubation.
Effect of KCl and pH on the release of AMP deaminase from unsealed erythrocyte ghosts. In the experiments represented in Fig. 4 , AMP deaminase was incubated with unsealed erythrocyte ghosts and the pellet washed free of unbound enzyme activity. Ghosts were then suspended in buffers of increasing KCI concentrations or pH as shown in the legend for 15 min, separated by centrifugation, and supernatant solution and pellet assayed for enzyme activity. KC1 had no effect on AMP deaminase release below 50 mM, but there was progressive increase in enzyme release between 50 , pelleted, and washed as described in the legend to Fig. 1 . The washed pellets were suspended in 400 ,l of variable KCI, 10 mM imidazole HCI, 0.5 mg/ml albumin pH 7.5, and incubated at 0°C for 30 min. Ghosts were then pelleted and enzyme activity bound to the pellet determined.
for release, ammonia generated by released enzyme accumulates and is measured during subsequent assay. This added product likely accounts for the excessive "recovery" of enzyme noted in the experiment using AMP to release enzyme. The effects of AMP and ATP were examined in detail as shown in Fig. 5 . In these experiments, unsealed ghost-enzyme complex was suspended in buffer with increasing concentrations of AMP, ATP, or equimolar concentrations of ATP and Mg++ (ATPMg++) for 15 min, then separated by centrifugation, washed, and the pellet assayed for AMP deaminase activity. Increasing concentrations of AMP from 50 to 500 ,M resulted in a linear increase in AMP deaminase release. In contrast, ATP and ATP-Mg++ resulted in marked enzyme release at 25 ,M and essentially maximal enzyme release at 100 ,M. There was no difference in the effect of ATP and ATP-Mg++. However, Mg++ did antagonize ATP promoted dissociation of the enzyme-membrane complex when present in 10-to 16-fold excess both at low and high ATP concentrations (Table III) . The ability of ATP to promote the release of bound AMP deaminase was dependent on pH. As shown in Table IV , a marked reduction in ATP dependent AMP deaminase release was seen when the pH was reduced from 7.5 to 6.5.
Comparison of purified and dissociated AMP deaminase. Purified human erythrocyte AMP deami- Unsealed erythrocyte ghosts (22.0 ug ghost protein/ml) were incubated with purified AMP deaminase (8.4 ,ug/ml), pelleted, and washed as described in the legend to Fig. 1 [AMP];' (mM)'
2.0 FIGuRE 6 Effect of substrate concentration on initial reaction velocity for AMP deaminase bound to unsealed erythrocyte ghosts. Unsealed erythrocyte ghosts were incubated with purified AMP deaminase, pelleted, and washed as described in the legend to Fig. 1 . The washed pellets were suspended in 1,000 ,ml of 50 mM KCI, 40 mM imidazole HCI, 0.5 mg/ml albumin pH 7. FIGURE 7 Effect of membrane binding on AMP deaminase activity. Unsealed erythrocyte ghosts (2.0 mg membrane protein/ml) were incubated with purified AMP deaminase (105 ,g,ml), pelleted, and washed as described in the legend to Fig. 1 . The washed pellets were adjusted to 570 ,ug/ml in 40 mM imidazole HC1 pH 7.5 with 0, 50, or 200 mM KC1 and incubated at 0°C for 15 min. 50 ,ul of suspended membraneenzyme complexes was added to 800 Al of assay mixtures containing 0.1 mM AMP, 40 mM imidazole HC1 pH 7.5, and 0, 3, or 50 mM KC1 such that final assay KC1 concentrations were 3-5 mM or 50-55 mM, and assayed for AMP deaminase activity. In control experiments, when assayed under dissociating conditions (2 mM AMP, 2 mM ATP), enzymatic activity was not affected by preincubation conditions. were washed free of AMP deaminase with 5P8 (which does not elute bound glyceraldehyde-3-phosphate dehydrogenase activity). The washed ghosts were then incubated with increasing concentrations of AMP deaminase followed by assay of washed pellet fractions for bound deaminase and dehydrogenase activity. As shown in Table VI The binding data contrast sharply with the (lata for cytochrome C (5) which has been found to binid e(qually well to external and internal surfaces of the membrane to a rather large number (n_ 1(7) of low affinity binding sites (Ka 105 M-').
As with aldolase and G3PD, the binding of AMP (leaminase was responisive to alterationis of ionic strength, pH, sul)strate conicentration, anid ATP conicentrationi. Although KCI is an effective activator of AMP deaminase, the effect of KCl in membrane binding was most likely nonspecific and reflects a major comiiponenit of electrostatic bondinig in the enzymle-miiembrane association, since NaCl and CsCl were e(ually effective in dissociating the enzymemembrane complex. Although the dissociation curve was steep at pH > 7.5, it should be noted that pH alone was virtually without effect on the binding e(quilibrium betweeni 6.0 and 7.5. Both AMP and ATP have beeni shown to be activators of AMP deaminase2 and it is possible that the dissociation of the enzymemembranie complex promoted by AMP is mediated through an isosteric site of AMP on the enzyme, distinct from the AMP substrate binding site. ATP, although an allosteric activator of the enzyme, also has pronounced effects on the erythrocyte membrane (18) whichi may mediate ATP promoted dissociation. ATP is not an allosteric effector of G3PD but effectively dissociates the G3PD membrane complex (3).
The specific binding site of AMP deaminase has not been determined. The facts that sealed inside-out vesicles are essentially depleted of bands 1, 2, and 5 (22) and that AMP deaminase binds avidly to this preparation strongly argue against spectrin or actin as the binding proteins. Indeed, on sucrose gradient centrifugation no evidence for interaction of spectrin with AMP deaminase was found. The displacement of G3PD from unsealed erythrocyte ghosts by AMP deaminase suggested that band 3 might be the AMP deaminase binding protein although the displacement need not be mediated by direct competition of the two enzymes for a single binding site. Purified band 3 has been shown to form complexes both with G3PD and aldolase in purified systems (6, 21) . However, on sucrose gradient centrifugation no interaction between band 3 and AMP deaminase or AMP deaminase and G3PD could be demonstrated. The specific AMP deaminase binding site remains unknown, although through steric proximity to the binding site of G3PD on band 3, AMP deaminase may displace G3PD by a mechanism not directly involving competition for the same site.
As with G3PD (1, 23), it might be argued that the association of AMP deaminase with the erythrocyte membrane represents an artifact of hypotonic lysis since dissociation of the membrane-enzyme complex is found at physiologic ionic strength and at physiological intracellular ATP concentrations (0.5-1.5 mM). However, the membrane-enzyme dissociation curve is steep between 50 and 200 mM KC1, indicating that minor fluctuations of ionic strength within the physiologic range could have major effects on enzyme binding. Furthermore, as Kant and Steck (5) have pointed out, elutability at high ionic strength does not exclude a physiologically significant phenomenon. Although ATP promotes dissociation of the complex, the effect is sensitive to pH fluctuations in the physiologic range, suggesting that ATP and thus cellular energy levels may also play a role in the regulation of the binding equilibrium. The localization of binding sites to the cytoplasmic surface of the membrane and the high association constant for the binding equilibrium argue for significant intracellular binding as well as for a high degree of specificity at the binding site. Binding to the membrane improved stability of purified enzyme and endogenously bound enzyme compared to purified enzyme in buffer. Because unsealed ghosts were found to enhance enzyme stability under conditions in which dissociation of membrane-enzyme complexes is expected, the significance of membrane binding in promoting enzyme stability might be questioned. The observed effect most probably reflects the dynamic interaction between membrane and enzyme, whereas experiments in which enzyme was eluted from the membrane characterized only the net balance of the equilibrium. The catalytic activity was clearly modulated by membrane binding. The favorable effect on enzyme stability provided by membrane association and the regulatory role of membrane association on catalytic activity provide indirect evidence that membrane association may play a central role in enzyme regulation.
